structures and dielectric, polarization, and piezoelectric properties of x(Bi 0.5 K 0.5 )TiO 3 -(1-x)BiFeO 3 ceramics were investigated. The results obtained using x-ray and neutron powder diffractions show that a morphotropic phase boundary between the rhombohedral (ferroelectric) and pseudo-cubic (ferroelectric) phases is present in 0.4 < x < 0.43. Ceramics with x = 0.4 exhibited a large remanent polarization of 52 µC/cm 2 at 25 °C (1Hz). In addition, ceramics with x = 0.4 showed a relatively large electric-field-induced strain (S max /E max = 250 pm/V) at a high temperature of 200 °C. Transmission electron microscopy for x = 0.4 provides evidence of polar nanosized domains with R3c rhombohedral structure. It is suggested that the presence of the nanosized domains is the origin of relaxor-like dielectric behavior.
INTRODUCTION
Lead-based perovskite ferroelectric materials represented by lead zirconate titanate (PZT) have been widely used for various kinds of electronic devices such as actuators, sensors, ultrasonic transducers, and many other applications because of their excellent piezoelectric properties [1] [2] [3] [4] . However, the toxicity of lead is recognized as a serious problem, and the use of lead-containing materials in electronic devices is legally restricted among European Union by the Restriction of Hazardous Substances Directive (RoHS), except for the cases in which the use of lead-based materials is unavoidable, such as PZT for fabricating piezoelectric devices. Therefore, the development of lead-free ferroelectric/piezoelectric materials that can replace PZT is becoming increasingly imperative.
Bismuth ferrite (BiFeO 3 : BFO) has attracted considerable attention because of its high Curie temperature (T C ) of 830 °C, large spontaneous polarization (P s ) exceeding 100 C/cm 2 , and multiferroic properties [5] [6] [7] [8] [9] . It is expected that BFO-based solid solutions exhibit a higher depolarization temperature (T d ) than that for the other materials. As a counterpart for BFO with a rhombohedral R3c structure, ferroelectric materials with a tetragonal P4mm structure are considered attractive. This is because, as in the case of PZT, good piezoelectric properties are expected to be achieved with compositions near the morphotropic phase boundary (MPB) between rhombohedral and tetragonal phases [10] .
In this study, we chose bismuth potassium titanate [(Bi 0.5 K 0.5 )TiO 3 , BKT] as a counterpart for BFO. BKT is a perovskite-type ferroelectric material having P4mm structure with a relatively high T C of 380 °C [11, 12] . We have investigated the structural evolution, and polarization and piezoelectric properties of xBKT-(1-x)BFO solid-solution ceramics. Our preliminary studies indicated that the conventional solid-state reaction did not provide BKT-BFO ceramics with a relative density exceeding 90%. Therefore, we first prepared nanosized BKT-BFO powders by the flash creation method (FCM) [13] to obtain high-density and high-quality ceramics. Dense ceramics with a relative density exceeding 95% were obtained using the nanosized powders with a particle diameter as small as 100 nm, and their structural and piezoelectric properties were investigated.
EXPERIMENTAL PROCEDURE
xBKT-(1-x)BFO solid-solution ceramics were prepared from nanosized powders of BKT-BFO with a diameter of approximately 100 nm synthesized by the FCM. Then, the powders were pressed into pellets by uniaxial pressing (60 MPa for 5 min) and cold isostatic pressing (150 MPa for 1 h). The pellets were sintered in air at 1,000 °C for 4 h in an alumina crucible. The relative sintered density of the resultant ceramics was 95%~97%, while that of the ceramics prepared by a solid-state reaction using raw powders of Bi 2 O 3 , K 2 CO 3 , TiO 2 , and Fe 2 O 3 was as low as 90%. X-ray diffraction (XRD) patterns of the polished surfaces of the ceramics were measured with Cu Ka radiation by using an X-ray diffractometer (BRUKER; D8 ADVANCE). For a detailed analysis of the crystal structure, neutron powder diffraction data were collected using a high-resolution neutron powder diffractometer SuperHRPD (BL08) of the Materials and Life Science Experimental Facility at J-PARC (Japan Proton Accelerator Research Complex). In addition, the microstructure was observed by transmission electron microscopy (TEM). In principle, the notation of cubic structure is used for denoting diffraction indexes, e.g., 111 c , except for addressing the hexagonal 113 peak 113 h originating from a rhombohedral R3c structure.
For electrical measurements, the ceramics were cut and polished into thin disks. Au electrodes were sputtered on both sides of the discs. Then, by using these discs, the leakage current, polarization, and piezoelectric properties of the ceramics were measured at 25 °C (1 Hz) using a ferroelectric testing system (Toyo Corporation; Model 6252 Rev.B). Temperature dependence of electric-field-induced strain properties of ceramics with x = 0.4 was measured at 25 °C, 50 °C, 100 °C and 200 °C (10 Hz). In addition, the temperature dependence of dielectric permittivity and dielectric loss were measured (Agilent; HP4294A). Resonator specimens with x = 0.4 were prepared by cutting the ceramics into prisms of dimensions 0.8 mm × 0.8 mm × 2 mm. Au electrodes were sputtered on the square sides of these prisms. These specimens were poled along the long axis under an electric filed (E) of 50 kV/cm for 4 min in silicone oil at 100 ºC. Then, their resonance-antiresonance characteristics were measured, and the electromechanical coupling coefficient of the length-extensional vibration mode (k 33 ) was evaluated by the standard resonance method (JEITA EM-4501). For x = 0.3, a splitting of 111 c attributed to a rhombohedral distortion was observed at 39.5°, and no orthorhombic or tetragonal distortion was detected in the 200 c peak at 45.8°. These results indicate that ceramics with x = 0.3 have a rhombohedral symmetry, similar to BFO (x = 0). The XRD patterns of x = 0.4 and 0.5 were similar to those with a cubic symmetry, and did not provide any evidence of a symmetry lower than cubic. Figure 2 (a) shows the polarization hysteresis loop for x = 0.4 measured at 25 °C (1 Hz). Ceramics with x = 0.2 did not exhibit polarization switching and the value of P r was almost zero. Further, XRD analysis reveals that ceramics with x ≤ 0.36 exhibit a rhombohedral distortion similar to that in BFO (x = 0). This result indicates that ferroelectric P s is present in x = 0.2. However, no polarization hysteresis was observed for x = 0.2; this is probably due to a large coercive field (E c ) exceeding 100 kV/cm. With increasing x, E c gradually decreased, as indicated in Fig.  2(b) . With increasing x, P r increased for x ≤ 0.36 and then decreased for x ≥ 0.4. Although ceramics with x = 0.36 exhibited a large P r of 61 C/cm 2 , this value is apparently overestimated due to a high J of ~10 6 A/cm 2 . Further, ceramics with x = 0.4 exhibited a well-saturated hysteresis with a large P r of 52 C/cm 2 as shown in the Fig. 2 (a). A large P r and low J of ~ 10 7 A/cm 2 were achieved for x = 0.4 at around the MPB composition. Figure 3(a) shows the electric-field-induced strain property of ceramics with x = 0.4 measured at 25 °C (1 Hz). Composition dependence of the values of S max /E max [maximum strain (S max ) over maximum E (E max )] obtained by the strain measurements are summarized as a function of x in Fig. 3(b) . In addition, the effective piezoelectric strain constant d 33 * estimated from the slope of S under E < 10 kV/cm is shown in Fig. 3(b) .
RESULTS AND DISCUSSTION
The ceramics with x ≤ 0.4 exhibited a linear S with respect to E, which mainly originates from the inverse piezoelectric effect. S max /E max exhibited an increasing tendency with increasing x up to x = 0.5. For x = 0.5, the value of S max /E max was calculated to be 230 pm/V. In contrast, d 33 * exhibited a maximum at x = 0.4 (130 pm/V) and decreased with increasing x.
The ceramics with x ≥ 0.46 showed a relatively the value of S max /E max increased with increasing temperature and a relatively S max /E max of 250 pm/V originating from inverse piezoelectric effect was obtained at a high temperature of 200 °C. The increase in piezoelectric strain with increasing temperature is probably derived from increases in e r and in elastic compliance. In Fig. 5(d) , the value of k 33 was maintained up to 300 °C. However, the value of k 33 decreased at a temperature exceeding 300 °C due to a steep decrease in q max . Depolarization, i.e., a debacle of the polarization state achieved by the poling treatment occurred at a temperature exceeding 300 °C and deteriorated the piezoelectric properties. These measurements of the temperature dependence of piezoelectric properties revealed that ceramics with x = 0.4 is a good candidate for a piezoelectric material operating at a high temperature. Figure 6(a) shows the selected-area electron diffraction (SAED) pattern taken at room temperature along the <1-10> zone-axis direction in ceramics with x = 0.4. Note that all the diffraction spots are indexed on the basis of the cubic structure. As indicated by "A" in Fig. 6(a) , the superlattice reflection spots at the (1/2, 1/2, 1/2)-type positions were seen, in addition to the fundamental reflection spots due to the cubic structure. The appearance of the superlattice reflection spots indicates that the symmetry of the crystal structure of ceramics with x = 0.4 is lower than that of the cubic structure. Further, the doubling of the cubic unit cell along the <111> direction causes the rhombohedral distortion. These results of the electron diffraction pattern are in good agreement with those obtained by the neutron diffraction experiments [ Fig. 1(a) ]. That is, ceramics with x = 0.4 are characterized as having a rhombohedral structure with a double periodicity along the <111> direction. Furthermore, diffuse streaks that were elongated along the <111> directions around the fundamental Bragg reflection spots due to the cubic structure were observed, as denoted by "B" in Fig. 6(a) . It should be noted that diffuse streaks similar to those shown in Fig. 6(a) have been reported for relaxor dielectrics such as Pb(Mg 1/3 Nb 2/3 )O 3 [14] . It is speculated that the characteristic diffuse streaks (so-called Huang scattering) originate from nanosized domains due to the polar rhombohedral structure. In order to confirm the above speculation, microstructures of ceramics with x = 0.4 were investigated by obtaining some real-space images. In the present study, macroscopic domain structures associated with rhombohedral twin structures were not observed, whereas nanosized domains with polar rhombohedral structures were observed. Figure 6 (b) shows one of the typical dark-field images obtained by using the (1/2, 1/2, 1/2)-type superlattice reflection spot. The dotted regions with strong contrast are clearly seen in Fig. 6(b) , which are regarded as the nanosized domains with the rhombohedral structure. It is suggested that the presence of these nanosized domains having the polar rhombohedral structure is the origin of the relaxor-like dielectric properties observed for x = 0.4.
SUMMARY
High-density xBKT-(1-x)BFO ceramics were synthesized by using nanosized powder, and their crystal structures and dielectric, polarization, and piezoelectric properties were investigated. The results obtained using X-ray and neutron powder diffractions and TEM analysis show that in the xBKT-(1-x)BFO system a morphotropic phase boundary exists between the rhombohedral and pseudocubic (ferroelectric) phases in 0.4 < x < 0.43. Ceramics with x = 0.4 exhibited superior properties with a P r of 52 µC/cm 2 and a k 33 of 0.36 at 25 °C. Moreover, these ceramics maintained their piezoelectric properties up to 300 °C, which indicates that 0.4 BKT-0.6 BFO is a candidate for piezoelectric materials operating at high temperatures. A larger value of k 33 is expected to be obtained if polarization rotation is fully achieved by a poling treatment. In addition, these ceramics exhibited relaxor-like dielectric properties which are considered to originate from the nanosized domains with a polar rhombohedral structure. 
